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INTRODUCTION

We have tested x-ray emission spectroscopic modeling of the helium-like and
lithium-like argon emission in dense gas bag plasmas by comparing measured
spectra with kinetics calculations using plasma parameters that have been
independently and accurately measured with Thomson scattering. In particular, we
have measured the line radiation in the wavelength region of the He-like Ar 1 s2-1 s3f
transition (He-~). This spectrum is of interest to diagnose gas targets, ne
1021cm-3 (1,2,3), laser ablation plasmas, e - 1022cm-3 (4), and has previously been
applied to diagnose electron densities and temperatures of inertial confinement
fusion (ICF) capsule implosions, e - 1024cm-3 (5,6).

The ICF implosions produce plasma conditions of extremely high densities
similar to those of stars and therefore require x-ray emission or neutron diagnostics
(7). The spectrum of the He-I~ transition of Ar XVII together with its dielectronic
satellites arising from the Li-like Ar states 1 s2 ng - 1 s ng n’f’, referred to below as the
He-13 complex, has been found to be a valuable diagnostic of electron densities and
temperatures. The He-13 line is Stark-broadened so that densities can be inferred
from the width of the spectral line. Moreover, the upper states of the observable
dielectronic satellites on the red wing of the He-13 line are predominantly populated
by dielectronic recombination so that their relative intensity is sensitive to the
electron temperature (8,9). Some of the higher-n satellite features overlap with the
He-13 transition and consequently need to be self-consistently included in the fit of
the whole line shape with a Stark-broadening code coupled to a kinetics (collisional-
radiative) model (10,11). This procedure applies kinetics modeling to very high
densities where the codes have not been tested against independent measurements.
In this study, we perform critical comparisons of kinetics calculations with
experimental data from well-characterized plasmas at the highest possible densities
where independent optical diagnostics, i.e., Thomson scattering, can be used to
measure the electron temperature (12,13). This is a necessary first step toward 
critical evaluation of the diagnostic procedures used at the highest measured plasma
density ofne > 1024 cm3.

We have performed our experiments in well-characterized gas bag plasmas at
densities n~ -- 0.6 x 1021cm3 and n~ = 1.1 x 1021cm-3. The densities of these gas bag
plasmas are independently diagnosed with stimulated Raman scattering (1), and the



electron temperatures are measured with temporally and spatially resolved Thomson
scattering (13). The Thomson scattering measurements indicate that the gas bags
are homogeneous with slowly increasing electron temperatures during the first 0.6ns
of the lns long heater beam pulse. These data are also consistent with
hydrodynamic LASNEX modeling (14) suggesting that gas bag plasmas are
suitable sources to test our kinetics modeling capability.

To compare the experimental spectra with synthetic spectra, we employ the
HULLAC suite of kinetics codes (15). We find for the two different electron
densities that the kinetics modeling accurately predicts the intensity ratio of the Li-
like dielectronic capture satellite transitions and of the He-~3 transition (consisting of
the sum of the resonance line, He-I~: ls2 1S0 - ls3p ~p0, and the less intense
intercombination line from the triplet to the singlet system of He-like argon, He-~2:
ls2 IS0 - ls3p 3P°l). On the other hand, spectral line emission originating from
levels whose population is primarily determined by electron collisional processes
shows discrepancies of up to a factor of two compared to the modeling. This is
particularly observed for inner-shell excited satellite transitions that are populated
from the lithium-like ground state. We have examined possible reasons for this
discrepancy and found that a likely explanation might be errors of the calculated
ionization balance between the helium- and lithium-like state.

In spite of these remaining discrepancies between calculated and measured inner
shell satellite intensities, the fact that the strongest satellite features, i.e. the
dielectronic capture satellites, are well modeled by the HULLAC code may affect the
interpretation of ICF capsule implosions experiments. Our findings indicate that we
should revisit the analysis of the higher density implosions to find if the kinetics
modeling is consistent with the results obtained here. Preliminary calculations for
implosion conditions show that various kinetics codes result in a factor of two
different prediction for the ratio of the capture satellites to the He-13 transition.
More analysis using line shape calculations will be required to investigate whether
the previous interpretation of spectra from capsule implosion is affected (6).
Moreover, having proven the technique to benchmark kinetics calculations in laser-
produced plasma conditions, one can hope to extend this method to verify critically
important aspects of indirectly driven capsule physics by testing the conditions
created inside of ICF hohlraums.

EXPERIMENT

The experiments were performed with the Nova laser facility at the Lawrence
Livernaore National Laboratory (16). This Nd:glass laser was operating at 1.055
gm (leo) and could be frequency converted to 3o~ with energies of -30kJ. The
application of these large laser energies has enabled us to produce large scale-length
and extremely homogeneous plasmas (ATe/T e < 20%). We used nine f/4.3 laser
beams to illuminate gas bag targets from all sides. Gas bags consist of two 0.35gm
thick polyimide (C14H604N2) membranes that are mounted on either side of a
0.4ram thick aluminum washer with an inner diameter of 2.75mm (Fig. 1). In this
study, the membranes have been inflated with propane (C3I-I8) or neopentane
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Figure 2. Temporally resolved two-dimensional x-ray images of the gas bag emission
with energies E > 2keV. The gas bags show a homogeneous emission shortly after the
beginning of the heater pulse (for t > 0.4ns).

scattering. A 50-J, 4{o (X0 = 263nm) probe beam has been used for the Thomson
scattering experiments (13). A short-wavelength probe is required to characterize
open geometry large-scale length ICF plasmas, because of strong laser light
absorption, stray light, as well as stimulated Raman side scattering from the heater
beams in the wavelength region around the longer Nd:glass wavelength harmonics:
2{o and 3{0. The probe laser was focussed into the gas bag target to a spot of 60~tm
x 120gin resulting in an intensity of I - 3 x 1014Wcm-2 (at 4{o). In separate
experiments, we have shown that this probe does not influence the plasma as long as
it is hot and heated by kJ-laser beams.

The Thomson scattered light has been imaged at an angle of 90° with f/10-optics
onto the entrance slit of a lm (SPEX) spectrometer. We employed an S-20 streak
camera to record spectra with a temporal resolution of 50ps and a wavelength
resolution of 0.05nm. The imaging setup resulted in a cylindrical scattering volume
with a scale length of -100gm in all directions. The scattering volume is small
compared to the size of the plasma. The choice of the probe laser wavelength of
263nm and of the scattering angle of 90° results in collective Thomson scattering
from fluctuations characterized by wave numbers k such that the scattering
parameter is o~ = 1/k )~D > 2 for the gas bag electron densities and temperatures.
The Thomson scattering spectra are dominated by the narrow ion feature which
shows scattering resonances at the ion acoustic wave frequencies shifted from the
incident probe laser frequency on either side on the frequency scale (red shift and
blue shift for copropagating and counterpropagating waves along the scattering
vector k.

Figure 3 shows an example of Thomson scattering spectra at t = 0.35ns and t =
0.95ns measured at a radius of 800gin from the gas bag center. The electron
temperature can be inferred from the frequency separation of the two ion acoustic
peaks. Each peak consists of two unresolved ion acoustic waves, one belonging to
carbon (slow mode) and one belonging to hydrogen (fast mode) giving the 
temperature of the plasma from the relative damping of these waves. With
increasing time, the ion acoustic peaks show increased separation and broadening











known to be sensitive to the electron temperature, and kinetics modeling shows no
dependence on electron density for the density range of this study. We find that the
experimental data are in excellent agreement with the kinetics modeling if the fully
collisional-radiative HULLAC model is used.

The HULLAC calculations (15) include all singly and doubly excited energy
levels with principal quantum number n<5. The code generates atomic
wavefunctions using a fully relativistic, parametric potential method that calculates
the multi-configuration, intermediate coupled level energies and radiative transition
rates, A. In addition, the code also computes semi-relativistic autoionization
transition rates to the ground and excited levels of an adjacent ion. The electron-
impact excitation rates between all levels of each charge state mentioned above are
calculated in the distorted wave approximation. The ionic transition rates include the
autoionization rates from the Li- to He-like and He-like to H-like ions, as well as
direct, impact ionization and radiative recombination rate coefficients. Radiative
recombination from and collisional ionization to the bare nucleus Aris+ is also
included. These rates are used to construct the collisional-radiative rate matrix. The
inverse of each ionization process, namely dielectronic recombination and three-
body recombination have been found according to the principle of detailed balance.
The relative populations of the four charge states and the population, N, in each level
of each ion are then found in steady state.

From these calculations we obtain the intensity of the spectral line emission and
thus the intensity ratios shown in Fig. 5 and Fig. 6. In general, for optically thin
plasmas, the intensity of a radiative transition, I,, from the upper level, u, to the lower
level, g, is given by the integral of the emission coefficient, e, over the plasma path
length:

where ~ is given by the atomic transition probability, A(, the population density of
the upper atomic state, N,, and a line shape function, S, that is normalized to one if
integrated over the whole line profile in frequency space.

hv
Eue(V,X) = 2V ,(x) S(v,x)

4re

The comparison shows that the HULLAC calculations agree on average within
6% with the experimental intensity of the dielectronic capture satellite. Also shown
in Fig. 6 are two simplified calculations using a corona approximation, i.e., for low
densities the population of the upper states is determined by electron collisional
excitation from the ground state, N, and de-excitation by radiative transitions.

Nu _ Ng ne(O’v)2A.e
These two simplified models(15,20), that use slightly different estimates for A,,e and
the averaged cross section for electron collisional excitation, <or>, overestimate the
experimental ratio by 12% - 22%. This comparison indicates that a fully kinetics
calculation is required to model these spectra. We observe good agreement between
the experimental dielectronic capture satellite intensities and the fully kinetics model





process (e.g. Refs. (21)). The same time-dependent calculations further show 
deviations from steady state are small for the gas bag plasma conditions and can not
account for the discrepancy observed in Fig. 7.

The most likely explanation for the observed discrepancies arises from
differences in the ion balance between model and experiment. The calculations
indicate that at the time of the measurements about 80% of the argon ions are in the
He-like ionization state while only 1%-2% of the ions remain in the Li-like state.
Small errors in the calculation of the absolute number of Li-like ions can therefore
result in large errors in the ratio of collisional excited satellites (e.g. feature 1) to the
resonance transition (the He-[3 transition).

CONCLUSIONS

We have performed x-ray spectroscopic experiments in homogeneous gas bag
plasmas where we independently measure the temperature with Thomson scattering.
We find that collisional radiative (kinetics) modeling of the intensities of the He-j3
line and its dielectronic capture satellites is generally in agreement with the measured
spectra. On the other hand, for the particular case of satellites arising from inner-
shell electron collisional excitation, we find discrepancies of up to a factor of two
between experiment and kinetics models. We have ruled out possible effects on the
line emission due to plasma gradients, radiative transport, and suprathermal electron
excitation leaving errors in the atomic physics modeling to be the most likely
explanation.

The determination that there are problems with the collisionally populated states
is important for the interpretation of inertial confinement fusion capsule implosions
where electron densities and temperature have been measured using the spectral line
shape of the He-~ transition of Ar XVII. The analysis of the implosion data has
required Stark broadening calculations coupled to a kinetics model to calculate the
detailed line intensities and widths. Despite remaining discrepancies, the good
agreement between the experimental dielectronic capture satellites and the HULLAC
calculations suggests that HULLAC is a more appropriate code for the construction
of the kinetics models of the He-J3 complex from high density plasmas than
previously used codes (e.g. MCDF). HULLAC results in higher temperatures for the
implosion conditions of Ref.(5,6) in closer agreement with the 2-D radiation
hydrodynamic modeling and other spectroscopic techniques. These results indicate
that benchmarking kinetics codes with Thomson scattering is an important area in
present ICF research.
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